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m e t h o d s  w i l l  b e c o m e  e v e n  m o r e  i m p o r t a n t .  C u r r e n t  
d e s i g n  p r a c t i c e s  a r e  e x a m i n e d  a n d  a  d i s c u s s i o n  o f  s a f e  
m i n e  l a y o u t s  i s  p r e s e n t e d  a s  a  f i r s t  a p p r o a c h  t o w a r d s  
w e i g h i n g  t h e  d e m a n d s  f o r  i n c r e a s e d  p r o d u c t i o n  a g a i n s t  
i n c r e a s e d  r i s k .  R i s k s  t o  u n d e r g r o u n d  s t o n e - m i n e  
w o r k e r s  i n c l u d e  r i b  i n s t a b i l i t i e s ,  p i l l a r  f a i l u r e s  a n d  r o o f  
f a l l s .
S e v e i t t y - t w o  s t o n e - m i n e  p i l l a r  d e s i g n s  w e r e  e x a m ­
i n e d .  P i l l a r s  w i t h  w i d t h  t o  h e i g h t  r a t i o s  o f  l e s s  t h a n  1 . 5  
a p p e a r  m o r e  l i k e l y  t o  f a i l  w h e n  s u b j e c t e d  t o  e x c e s s i v e  
s t r e s s  l e v e l s .  W h e n  w i d t h  t o  h e i g h t  r a t i o s  f a l l  b e l o w  1 . 0  
d e f e c t s  i n  t h e  p i l l a r s ,  s u c h  a s  t h r o u g h - r u n n i n g  d i s c o n ­
t i n u i t i e s ,  c a n  h a v e  a  s i g n i f i c a n t  i n f l u e n c e  o n  s t a b i l i t y .  
D i s c o n t i n u i t y  p e r s i s t e n c e ,  d i p ,  m a t e r i a l  p r o p e r t i e s  a n d  
o r i e n t a t i o n  a r e  a l s o  i m p o r t a n t  d e t e r m i n i n g  f a c t o r s  i n  
p i l l a r  s t r e n g t h .
D u r i n g  t h e  p a s t  t h r e e  y e a r s  t h e  n u m b e r  o f  a c t i v e  u n d e r ­
g r o u n d  s t o n e  m i n e s  i n  t h e  U . S . A .  h a s  t a n g e d  b e t w e e n  9 0  a n d  
1 0 0 .  T h i s  n u m b e r  i s  e x p e c t e d  t o  i n c r e a s e  a s  t h e  c r u s h e d  
s t o n e  i n d u s t r y  r e s p o n d s  t o  g r o w i n g  d e m a n d s  f o r  i t s  p r o ­
d u c t s , 1 A s  m o r e  o f  t h e  i n d u s t r y  m o v e s ,  t o  b e n e f i t  f r o m  t h e  
a d v a n t a g e s  o f  u n d e r g r o u n d  m i n i n g  p r o d u c t i o n  f r o m  u n d e r ­
g r o u n d  s t o n e  m i n e s  i s  e x p e c t e d  t o  i n c r e a s e  a b o v e  i t s  c u r r e n t  
l e v e l  o f  a p p r o x i m a t e l y  6 6  0 0 0  0 0 0  t / y e a r ,  P a r k e r 2 i d e n t i f i e d  
f o u r  a d v a n t a g e s  o f  u n d e r g r o u n d  m i n i n g  o p e r a t i o n s :  ( 1 )  s u r ­
f a c e  d e v e l o p m e n t s ,  z o n i n g  l a w s  a n d  e n v i r o n m e n t a l  c o n c e r n s  
a r e  o f t e n  le s s  o f  a n  i s s u e ;  ( 2 )  s t r i p p i n g  a n d  r e s t o r a t i o n  
r e q u i r e m e n t s  a r e  e l i m i n a t e d ;  ( 3 )  a d d i t i o n a l  r e s e r v e s  a r e  o f t e n  
a v a i l a b l e  b e n e a t h  t h e  q u a r r y  f l o o r ,  u n d e r  p i t  s l o p e s  o r  u n d e r  
a n  a d j o i n i n g  p r o p e r t y ;  a n d  ( 4 )  s p a c e  i s  c r e a t e d  f o r  s e c o n d a r y  
u s e .  U n d e r g r o u n d  m i n e s  e n j o y  t h e  a d d e d  b e n e f i t s  o f  w o r k  i n  
a  c o n s t a n t  u n d e r g r o u n d  c l i m a t e ,  r a t h e r  t h a n  i n  t h e  v a r i a b l e  
s u r f a c e  c l i m a t e ,  m i n i m i z a t i o n  o f  c o m m u n i t y  c o n c e r n s  b y  
p l a c e m e n t  o f  t h e  c r u s h i n g ,  s i z i n g  a n d  s t o w i n g  o p e r a t i o n s  
u n d e r g r o u n d  a n d  r e d u c t i o n  o f  s u r f a c e  v i b r a t i o n  c o n c e r n s  
t h r o u g h  s m a l l e r  b l a s t s .  T h e  d r a w b a c k s  o f  u n d e r g r o u n d  m i n ­
i n g  i n c l u d e  a d d e d  h e a l t h  a n d  s a f e t y  h a z a r d s  f o r  t h e  s t o n e  
m i n e r s *  w h o s e  h e a l t h  c a n  s u f f e r  f r o m  i n c r e a s e d  e x p o s u r e  t o  
f a l l s  o f  g r o u n d ,  a i r b o r n e  c o n t a m i n a n t s  a n d  f o g  i n  l a r g e  u n d e r ­
g r o u n d  o p e n i n g s .  I n j u r i e s  f r o m  f a l l s  o f  g r o u n d  i n  s t o n e  m i n e s  
h a v e  o c c a s i o n a l l y  e x c e e d e d  t h e  i n c i d e n c e  r a t e s  f o r  o t h e r  m i n ­
e r a l  r e s o u r c e s  m i n e d  u n d e r g r o u n d . 3
E x i s t i n g  u n d e r g r o u n d  s t o n e  o p e r a t i o n s ,  b y  c o m p a r i s o n
M a n u s c r i p t  f i r s t  r e c e iv e d  b y  t h e  I n s t i t u t i o n  o f  M i n i n g  a n d  
M e t a l l u r g y  o n  1 2  J u n e ,  1 9 9 9 ;  r e v is e d  m a n u s c r i p t  r e c e iv e d  o n  3  
N o v e m b e r ,  1 9 9 9 .  P a p e r  p u b l i s h e d  in  T r a n s .  J n s tn  M i n .  M e m t l .  
CS e c t . A :  M i n .  in d u s t r y ) ,  1 0 8 ,  S e p t c m b e r - D e c e t n b e r  1 9 9 9 .  ©  T h e  
I n s t i t u t i o n  o f  M i n i n g  a n d  M e t a l l u r g y  1 9 9 9 .
w i t h  s t o n e  o p e r a t i o n s  a  d e c a d e  a g o ,  m i n e  m o r e  s t o n e  a t  a  
f a s t e r  r a t e  a n d  w i t h  l a r g e r  e q u i p m e n t .  B e c a u s e  o f  h i g h  
d e m a n d  m i n e s  f a c e  i n c r e a s e d  p r e s s u r e  t o  y i e l d  m o r e  s t o n e  
p e r  p r o d u c t i o n  b l a s t .  A  m a j o r i t y  o f  t h e  m i n e r s  u s e  t h e  V - c u t  
b l a s t i n g  p a t t e r n ,  w h i c h  l i m i t s  t h e  d e p t h  o r  p u l l  f o r  e a c h  s h o t  
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I n  t h e  u n d e r g r o u n d  e n v i r o n m e n t  t h e  d e s i r e  t o  u t i l i z e  w i d e r  
r o o m s ,  h i g h e r  b e n c h e s  a n d  m u l t i - l e v e l  m i n i n g  r e s u l t s  i n  t h e  
p o t e n t i a l  f o r  u n s t a b l e  g r o u n d  c o n d i t i o n s .  A l t h o u g h  t h e  
n u m b e r  o f  f a i l e d  p i l l a r s  i s  c u r r e n t l y  v e r y  l o w ,  t h e  p o t e n t i a l  
f o r  a d d i t i o n a l  f a i l u r e s  w i l l  g r o w  i f  m o r e  s l e n d e r  p i l l a r s  a r e  
d e v e l o p e d ,  e s p e c i a l l y  u n d e r  d e e p e r  c o v e r ,  w i t h  w i d e r  m i n i n g  
s e c t i o n s  a n d  i n  m u l t i - l e v e l  o p e r a t i o n s .  I t  s h o u l d  a l s o  b e  n o t e d  
t h a t  t h e  p a s s a g e  o f  t i m e  a c t s  t o  d e c r e a s e  t h e  s t r e n g t h  o f  m a n y  
e x i s t i n g  p i l l a r s .  A n  e x a m i n a t i o n  o f  c u r r e n t  d e s i g n  p r a c t i c e s
It should be noted that the application of averages from a 
data-set such as this can produce unsatisfactory results on 
account of variations in rock mass conditions. For example, a 
wide range of discontinuity spacing orientation and persis­
tence was observed between field sites; in practice, very small 
pillars can be stable when discontinuity occurrence is low. 
Unfortunately, detailed information on the rock mass charac­
teristics was not collected in the present study.
If the stone deposit is thick enough, benching of the floor 
can occur. Benching can alter slightly the widths of the 
entries or the pillars. Bench faces are advanced by the drilling 
of vertical floor holes from development entries and blasting 
the rock back into the benched headings. Bench heights aver­
age 7.6 m. A few of the deeper benches are mined in multiple 
lifts. More importantly, benching influences the height of the 
rooms and pillars, which has a direct effect on the pillar 
width-to-height ratio (see Table 1). Thirty-five of the mines 
surveyed bench with the room-and-pillar method.
The distribution of width-to-height ratios for all 70 mines 
surveyed in this study is shown in Fig. 2. Two distinct distri­
butions are observed, reflecting the functional characteristics
Table 1 Mine layout characteristics for underground U.S. stone mines
C h a ra c te r is t ic M e a n S ta n d a rd
d e v ia t io n
M e d ia n M in im u m M a x im u m
D eve lopm ent P illa r heigh t, m 7 1.7 7 3.7 12.2
O pen ing w id th , m 13.1 2.6 12.8 6.1 18.3
P illa r  w id th , m 12.2 4.1 12.2 4.6 27.4
E xtrac tion  ra tio 0.76 0.07 0.75 0.56 0.91
P illa r w/h 1.73 0.48 1.72 0.54 3.13
O verburden, m 80 98 46 7 610
Bench P illa r heigh t, m 14.6 3.8 14.6 6.7 24.4
O pening w id th , m 13.7 2.1 13.7 9.1 18.3
P illa r w id th , m 13.1 4.1 13.7 6.1 27.4
P illa r w/h 0.92 0.35 0.90 0.4 1.92
(hereafter referred to as rib pillars) whose length is greater 
than their width. Rib pillars have been employed by two 
prominent consultants in the field, Jim Scott4 and Jack 
Parker,5 for special situations.
The room-and-pillar method takes on some unique char­
acteristics when used in mines with steeply dipping beds with 
multi-levels. Generally, one to three entries are driven along 
the strike of the strata, which may dip from 45° to 70°. 
Crosscuts are developed horizontally, perpendicular to the 
entries. Raises or windows between the outer, updip cross­
cuts and the inner, downdip crosscuts provide for ventilation 
passages between mining levels. Only two of the surveyed 
mines use this method.
The stoping method, which employs raises, crown pillars, 
etc., is used by only one mine with steeply dipping beds.
Because 93% of the mines surveyed use the regular room- 
and-pillar technique in a flat-lying seam, the present study 
focuses on the analysis of this design method.
In the room-and-pillar method entries and crosscuts are 
generally driven perpendicular to each other. When these 
headings are developed horizontally into unmined strata they 
are called room entries. These rooms oudine development 
pillars. Faces are advanced by the drilling of horizontal holes 
and blasting of the rock back into the development headings. 
Seventy-two development mining scenarios (two of the 70 
mines surveyed used multiple development designs) with 63 
square pillar designs and nine rib pillar designs were exam­
ined. The average size of the development pillars was 12.2 m 
wide x 7 m high (see Table 1). The width of adjacent rooms 
averaged 13.1 m.
w /h  <  1.0 w/h = 1.0 to 2.0
V /
1 2  
Width-to—Height Ratio (w/h)
F ig . 2 W id th -to -he ig h t ratios o f  p illa rs  used in  developm ent and 
benching sections
was undertaken with these trends in mind and the findings 
are presented here together with a discussion of the principles 
for safe mine layouts.
C u r r e n t  s to n e  p il la r  d e s ig n  p r a c t ic e s
The National Institute for Occupational Safety and Health 
(NIOSH) of the U.S.A. surveyed 70 underground stone 
mines between 1996 and 1998 to collect information on pillar 
design practices. With one exception every mine used the 
room-and-pillar mining method. There were, however, some 
variations in the room-and-pillar method between the mines.
In relatively flat-lying beds the pillars are usually arranged 
in regular, recurring patterns. Of the 70 mines surveyed, 93% 
employed regular pillar patterns. Occasionally, random pillar 
patterns have been used, but this practice has decreased in 
response to improvements in surveying and mine planning. 
Currently, only two of the surveyed mines retain the random 
method.
The majority of mines use square pillars, i.e. whose width 
is equal to the length. Nine mines use rectangular pillars
of the pillars. The average width-to-height ratio for develop­
ment pillars was 1.73 with a standard deviation of 0.48, 
whereas the average ratio for benched pillars was 0.92 with a 
standard deviation of 0.35. As shown in Fig. 2, the distribu­
tion of the 72 development pillar designs is relatively normal, 
whereas that of the 35 benched pillars is slightly skewed to 
the left.
P illa r  p e r fo r m a n c e  is s u e s
The extraction ratio is another geometric and economic fac­
tor that affects the relationship between the area of a pillar 
and the area of the adjacent opening along the horizontal 
plane. The extraction ratio for perpendicular intersections is 
determined by the equation:
(w + r) x (/ + r) -  w x / 
(w + r) x + r j ( 1 )
where e is extraction ratio, w is pillar width, I is pillar length 
and r is room width.
W i d t h — t o — H e i g h t  R a t i o
Fig. 3 Com parison between square p illa r  w id th -to -he igh t ratios 
and extraction ratios o f  development m in ing
Fig. 3 demonstrates the relationship between the extrac­
tion ratio for square development rooms and pillars and the 
width-to-height ratios for the same pillars. In general, the 
extraction ratio is decreased as the width-to-height ratio is 
increased. This is expected because pillar width is a factor 
considered in both ratios. The safety concern is that as the 
extraction ratio is increased the pillars become more slender 
and must support higher levels of stress.
Depending on the number of years over which it has been 
mined, an underground stone mine may have a few dozen to 
several thousand pillars. The vast majority of these pillars are 
adequately sized and currently stable. Pillar design is, how­
ever, seldom addressed explicitly in planning. Pillar stability 
should be more closely examined under (I) excessive stress 
levels, (2) adverse geological conditions and (3) increasing 
time.
Stress levels
Generally, stone pillars are expected to be less stable if the 
overburden is substantial because of the higher stress. Pillars 
might also be less stable as the width-to-height ratio is 
decreased, as in benching operations. Stress levels in pillars 
can be approximated by use of the tributary area theory:6
oa = oQ x
(r + w) x (r + /)
( 2 )
w x l
where <x, is average post-mining vertical stress and o0 is pre­
mining vertical stress.
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F ig . 4 Relationship between average piUar stress levels, extraction 
ratios and overburden fo r 13.7 m  w ide opening w ith  square p illars
Pillar stress levels are affected, in part, by the overburden 
and the relationship between the area supported by the pillar 
and the area of the pillar. This relationship can be illustrated 
by comparing the post-mining vertical stress levels as the 
overburden and the extraction ratio increase. Fig. 4 shows the 
relationship between average pillar stress, overburden and 
extraction ratio for a 13.7 m wide opening with square pillars. 
As the overburden and extraction ratios increase the stress 
levels rise exponentially. Incremental changes in overburden 
result in a parallel change in the average pillar stress levels at 
specific extraction ratios. Likewise, increased extraction ratios 
produce an exponential rise in the average pillar stress levels 
at specific overburdens. The average overburden for most 
underground stone mines is 80 m, so excessive stress levels 
would not be expected to be the cause of pillar failure. The 
relatively shallow depth of most underground stone mines has 
historically been the reason why pillar shape and size are 
often overlooked as a safety issue during mine design and 
development.
Pillar strength
The most generally accepted techniques for estimating pillar 
strength, defined as the ultimate load per unit area of a pillar, 
use empirical derivations based on survey data from actual
mining conditions. The strength of the empirical method is 
that specific failure mechanisms need not be considered. The 
limitations of the empirical method stem from the inability to 
extend the formulae beyond the specific material properties, 
sizes, shapes and overburdens found in the survey data. 
Bieniawski7 wrote that the strength of mine pillars is depen­
dent on three elements: (1) the size or volume effect (strength 
reduction from a small laboratory specimen of rock to full- 
size mine pillars); (2) the effect of pillar geometry (shape 
effect); and (3) the properties of the pillar material. For non­
coal pillars empirical formulae have largely been derived from 
some form of the following power formula:8
( 3 )
where op is pillar strength (ultimate), om is material strength, 
h is pillar height and a and b are constants derived from labo­
ratory or field experiments. This formula takes account of 
both material strength and pillar shape to calculate pillar 
strength.
Material strength
In these equations the material strength, om, of a nominal size 
of pillar is generally approximated by reducing the uniaxial 
compressive strength, Oc> of the material from laboratory test­
ing of small cylindrical or cubic specimens. Laboratory test 
samples typically overestimate rock material strength values 
because larger flaws or fractures are exhibited as the specimen 
size increases. At some point the specimen size becomes suffi­
ciently large that further reductions in material strength are 
insignificant. The point at which this occurs is often referred 
to as ‘rock mass strength’. Bieniawski7 suggested that cubic 
coal specimens of side 0.9-1.5 m are of a critical size and are 
representative of rock mass characteristics. Hedley and 
Grant9 used an equivalent material strength value representa­
tive of a 0.3-m cube of quartzite. Others have used reduction 
factors that range from 40 to 80% to determine material 
strength from uniaxial compressive strength values.
Pillar shape
Several pillar strength equations have been expressed as a 
power function of the pillar’s height and width. Equation 4 
was derived by Salamon and Munro10 after analysis of 125 
case studies from South African coal mines:
be of the form
0.46
0p = 132Ox7SiT<lb/in2) ( 4 )
In this equation a material strength, <Tm, equivalent to 
7.2 MPa, was used because coal has a low material strength 
by comparison with most industrial minerals and metal-mine 
rocks. Hedley and Grant9 extended this power function to 
describe the strength of quartzite pillars in deep uranium 
mines near Elliot Lake, Canada:
0.5
<Tp = 26000 x (lb/in2) ( 5 )
This equation is similar to Salamon and Munro’s apart from 
the much higher material strength value for the stiff uranium 
host rock. In this case the material strength of the uranium 
pillars is close to 20 times greater than that of South African 
coal.
An alternative application of a pillar strength formula was 
suggested by Hardy and Agapito.11 From a study of western 
Colorado oil-shale pillars in which discontinuities are closely 
spaced the appropriate pillar strength formula was inferred to
-0.118
(6)
where Oc is uniaxial compressive strength of a sample and v is 
volume of the pillar/sample. This method involves deter­
mination of the uniaxial compressive strength of a specimen 
and the subscripts p and s refer to the pillar and specimen, 
respectively.
Power functions produce a very distinctive relationship 
between strength and the width-to-height ratio (see Fig. 5). 
At low width-to-height ratios (<1.0) pillar strength rises 
rapidly. At higher width-to-height ratios increases in strength 
occur at diminishing rates. In other words, at some point the 
pillar is believed to display some plastic behaviour. Barron 
referred to this as pseudo-ductile behaviour.12 The occur­
rence of pseudo-ductility in coal pillars has been debated for 
years. It seems unlikely that stiff, brittle materials, such as 
stone or other hard rocks, would display the same type of 
plastic behaviour. In fact, some authors have argued that at 
width-to-height ratios greater than 4 or 5 strain-hardening 
behaviour can occur13*14 because stress distributions and 
confinement conditions change.
Stacey and Page14 took this behaviour into account by 
generating exponential rises in pillar strength at higher width- 
to-height ratios:
.,0.5
CTp = k x 
for w/h <4.5 and
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(MPa)
( 8 )
where k = om x DRMS, Design Rock Mass Strength14 
(DRMS) being the ctc adjustment factor; and V = eu2eff x h, 
weS being equal to 4 x A p/R where A p is plan area of the pillar 
and R is its perimeter. Here the pillar strength follows a 
power function for a relatively low width-to-height ratio 
(<4.5) and thereafter begins an exponential rise (see Fig. 5). 
The pillar strength formula for w/h >4.5 was taken almost 
directly from the Salamon-Wagner squat pillar strength for­
mula published a year earlier. Stacey and Page’s formula is 
used from here on because it was developed for hard rocks.
The application of these formulae to underground stone 
is problematic. It seems unlikely that increasing the pillar 
width-to-height ratio would result in a gradual decrease in the 
rise in pillar strength. In fact, in practice just the opposite 
appears to occur. Pillar stability is jeopardized most at low 
width-to-height ratios. As typical stone pillars reach a width- 
to-height ratio >1.5 they begin to exhibit an almost indes­
tructible character in shallow mines. Nevertheless, the Stacey 
and Page14 formula appears to accommodate both the tradi­
tional strength flattening at moderate width-to-height ratios 
(ca 4-5) proposed by Salamon and Munro13 and the expo­
nential rise in pillar strength at high width-to-height ratios. 
Unfortunately, this strength adjustment occurs at width-to- 
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P r o g r e s s iv e  fa ilu r e  in  s to n e  p illa r s
Owing to the limitations of survey data, the above empirical 
methods do not provide a totally realistic picture of stone pil­
lar behaviour. Additionally, a large database of pillar-specific 
information that represents past successes and failures has 
not been established to aid in construction of a reliable pillar 
design technique for stone mines. In the absence of this infor­
mation numerical simulations can provide a potentially useful 
means of testing engineering methods.
The simulation used for this study was the two- and three- 
dimensional finite-difference code.15 The two-dimensional 
calculations were performed under plane-strain conditions, 
so the model sample is equivalent to a long pillar. It was 
assumed that individual elements in the model behaved in an 
elastic-perfectly plastic manner; the overall pillar behaviour 
could, however, include strain softening and strain harden­
ing. Model shapes mirrored those observed in the field and 
ranged from a very slender pillar with a width-to-height ratio 
of 0.4 to intermediate pillars with a width-to-height ratio of 
1.4. Model symmetry was constructed to simulate a recurring 
pattern of rooms and pillars of equal dimensions. The roof 
and floor materials were modelled to be elastic.
Slender-shaped pillars failed rapidly by yielding from the 
ribs inwards to the pillar core, which indicated a relatively 
low-strength structure. As the pillars became more squat, ele­
vated horizontal confinement increased their strength greatly.
The model pillars had a modulus of 41.4 GPa, an angle of 
internal friction of 40° and a cohesion of 6.9 MPa. These 
data were derived from laboratory tests of the Layolhanna 
Limestone in Pennsylvania. The model pillars were subjected 
to simulated loading conditions by moving distant boundaries 
in the roof and floor together at very slow rates. This had the 
effect of a gradual loading of the pillars through several dis­
tinct strength phases. During the early loading phase the 
modelled pillar displayed relatively elastic characteristics (Fig. 
6, points A -B ), the deformation of the pillar being propor­
tional to increases in average vertical stress levels within it.
P lastic ity  Indicator 
* at yield in shear 







Fig. 6 E lastic-p lastic  m ode l, w h ich  produces progessive fa ilu re  
patterns, can dem onstrate stra in-so ften ing  behaviour w ith in  fu ll-  
scale p illars
During this phase dominated by elastic behaviour minor 
yielding of the pillar edges began to occur. Continued pro­
gressive failure of the pillar’s outer perimeter produced an 
hourglass-shaped elastic core. It also had the effect of moving 
the peak vertical stress away from the pillar edge towards the 
pillar centre (Fig. 6, points B-C).
The maximum pillar strength was achieved when the high­
est vertical stress levels in the elastic core were supported by 
the maximum horizontal confinement available to the pillar 
(Fig. 6, point C). Beyond this point any additional load to the 
pillar resulted in rapid loss of strength. The zone of plastic 
yield extended throughout the pillar, producing a residual pil­
lar strength (Fig. 6, point D) that was considerably less than 
the maximum pillar strength.
E ffe c t  o f  e x c e s s iv e  s t r e s s  o n  s to n e  p illa r  
s ta b ility
Pillar failure due to excessive stress levels was not frequently 
observed during field visits to these mines. In fact, only seven 
development pillars at four mines were observed to have 
undergone progressive failure due to excessive loading (Table 
2). In case 1 (Table 2), a pillar with a width-to-height ratio of 
1.0 was inadvertendy reduced from 9.1 to 6.1 m under less 
than 30 m of overburden. The calculated average vertical 
stress for this pillar was less than 7 MPa: in reality, the stress 
levels may have been much higher. Failure of the pillar 
perimeter due to crushing left only a narrow core of broken 
rock (Fig. 1). It was surmised that additional stresses were 
applied to the pillar either as a consequence of its unique 
position near the highwall and the effect of some undetected 
geological characteristic or by deflection of the roof in over- 
wide openings.
In case 2 the initial mine development had taken place 
by random room-and-pillar methods. One failed pillar was 
observed to be narrower than the surrounding pillars. This
Table 2 Characteristics of development pillars that failed
C ase O b se rve d
fa i le d  p i l la r s
P i l la r  
w id th ,  m
P i l la r  
h e ig h t,  m
R a t io  tolh E x tra c t io n
r a t io
R eason  fo r  fa i lu re
1 1 6.1 6.1 1.0 0.94 Reduced p il la r  size
2 1 6.1 4.9 1.25 0.92 Smallest p illa r  in  
non-regular m in in g  area
3 1 5.5 6.1 0.9 0.86 H ig h  overburden stress 
and reduced p il la r  size
4 4 3 -6.1 7.3 0 .42 -0 .83 0 .9 -0 .83 H ig h  overburden stress
pillar had a width-to-height ratio of 1.25, whereas adjacent 
pillars were in excess of 2.0. Here again it was difficult to 
determine what level of stresses had caused failure because 
the overburden was very low.
In case 3 a pillar with a width-to-height ratio of 0.9 was 
inadvertendy reduced from 9.1 to 5.5 m under a high over­
burden condition of approximately 275 m. Average vertical 
stresses on this pillar could have exceeded 28 MPa. The 
failed pillars had shear surfaces that began and terminated at 
the pillar-roof and pillar—floor intersections and propagated 
inward in a convex shape (Fig. 1).
In case 4 the overburden ranged from 230 to 260 m and 
produced an average vertical stress that was generally less 
than 14 MPa on pillars with openings that ranged between 15 
and 18 m in width and with width-to-height ratios that aver­
aged 2.1. In several areas within this large mine pillars of 
reduced width with width-to-height ratios ranging from 0.83 
to 0.42 were subjected to average vertical stresses that could 
have reached 35 MPa. At least four of these pillars exhibited a 
very distinctive concave failure surface that resembled an 
onion skin. As the failure process continued the pillar size was 
reduced, thereby increasing the extraction ratio and resulting 
in higher stress and more pillar deterioration.
Pillar design guidelines
As underground stone production expands mining depths 
(overburden) are expected to increase. At present, six mines 
in the Valley and Ridge Province of Pennsylvania, Virginia 
and Tennessee and two mines in Kentucky are worked at 
depths between 250 and 600 m. Many more mines will soon 
encounter their first 100—150 m overburdens. As the depth of 
mining is increased the potential for excessive stress levels 
that affect pillar stability adversely will also increase.
In the absence of well-established design information for 
underground stone mines pillar design guidelines related to 
excessive stress levels are proposed. These guidelines make 
use of the previous numerical simulations as a means of 
examining how pillars of various shapes will be affected under 
different overburdens. Fig. 7 shows changes in average verti­
cal stress conditions at different overburdens and different 
width-to-height ratios based on the tributary area theory. The 
solid black lines represent the strength of a modelled pillar, 
free of discontinuities, as its shape is changed from a slender 
pillar (zv/h = 0.4) to an intermediate pillar (w/h = 1.4). This 
modelled pillar has a stiffness of 41.4 GPa and a failure enve­
lope defined by a friction angle, <(», of 40° and a cohesion of 
6.9 MPa. These values represent typical material strength 
characteristics of the Loyalhanna Limestone of Pennsylvania 
and West Virginia, which is a relatively high-silica limestone 
(10—40%) with extensive cross-bed structures.
In this example the modelled pillar with a width-to-height 
ratio of 1.4 could accommodate an average vertical stress of 
approximately 80 MPa. Clearly, a pillar of this strength, free 
of discontinuities, could withstand all of the extraction ratio 
and overburden conditions set forth in Fig. 4. Conversely, a
slender pillar, with a width-to-height ratio of 0.6 and 250 m 
of overburden, might fail.
The FLAC model strength curve (Fig. 7) has a shape very 
different from that of curves determined by the empirical 
design techniques illustrated in Fig. 5. At low width-to-height 
ratios pillars are low in strength. As width-to-height ratios 
increase to 1.0 and beyond the pillar strength is increased 
considerably. At a width-to-height ratio of greater than 1.5
Width—to—Height Ratio
F ig. 7 Changes in  stone p il la r  strength at w id th -to -h e ig h t ratios 
ranging fro m  0 .4  to  1.4
pillars that are free of geological discontinuities are unlikely to 
fail. The shape of the pillar strength curve shown in Fig. 7 is 
defined by the stiffness of the material and shape of the failure 
envelope, which is defined by the friction angle and the mate­
rial cohesion used in the model.
E ffe c t  o f  d is c o n t in u it ie s  o n  s to n e  p illa r  
s ta b ility
The stability of a stone pillar can be influenced greatly by 
overburden stresses and the occurrence of geological discon­
tinuities. Observations of pillar conditions have shown that 
the presence of geological discontinuities is more likely to 
represent a threat to workers’ safety than excessive stress 
levels. When the height of a room is increased the area of the 
rib is increased, which exposes more geological discontinu­
ities and creates more potential for mining-induced damage 
to intersect the rib. Mining-induced damage can result from 
drilling, blasting or scaling operations and is an extremely 
important factor for the design of safe, stable pillars, although 
it is not considered in detail here. Blast damage, for example, 
can extend as much as 30 diameters from ANFO-filled blast- 
holes (i.e. 1-2 m into the pillar), thus taking 2—4 m off the 
dimensions of a square pillar.
B e n c h  m i n i n g  c a s e  s t u d i e s
T h e  b e s t  w a y  t o  a n a l y s e  t h e  i n f l u e n c e  o f  g e o l o g i c a l  d i s c o n t i ­
n u i t i e s  o n  p i l l a r  s t a b i l i t y  i s  t o  e v a l u a t e  p i l l a r  p e r f o r m a n c e  i n  
b e n c h i n g  o p e r a t i o n s ,  w h e r e  p i l l a r  s h a p e s  a r e  g e n e r a l l y  s l e n ­
d e r .  A  c o m p a r i s o n  o f  p i l l a r  s h a p e ,  r o o m  w i d t h  a n d  p i l l a r  
h e i g h t  o f  3 5  s q u a r e  b e n c h ,  p i l l a r  d e s i g n s  i s  s h o w n  i n  F i g .  8 .
Opening Width, rr>
F ig .  8  C o m p a r i s o n  o f  p i l l a r  s h a p e ,  o p e n in g  w i d t h  a n d  p i l l a r  h e ig h t  
o f  3 5  s q u a r e  b e n c h  p i l l a r  d e s ig n s .  C h a n g e s  i n  s q u a r e  s iz e  a r e  p r o p o r ­
t i o n a l  t o  c h a n g e s  i n  p i l l a r  s iz e «
T h e r e  a p p e a r s  t o  b e  n o  c l e a r  c o r r e l a t i o n  b e t w e e n  p i l l a r  h e i g h t  
o r  r o o m  w i d t h  a n d  p i l l a r  f a i l u r e .  I n d e e d ,  t h r e e  o f  t h e  f o u r  
d e s i g n s  w i t h  s o m e  f o i l e d  p i l l a r s  h a d  o n l y  m o d e r a t e  p i l l a r  
w i d t h s  a n d  h e i g h t s  ( F i g .  8 ,  p o i n t s  C  a n d  D ) ,  T h e s e  o p e r a ­
t i o n s  w e r e  a l l  m i n i n g  i n  a  f o r m a t i o n  t h a t  i s  k n o w n  t o  h a v e  a  
h i g h e r  t h a n  n o r m a l  o c c u r r e n c e  o f  l a r g e ,  h i g h - a n g l e  g e o l o g i c a l  
d i s c o n t i n u i t i e s .  T h e  f o u r t h  d e s i g n  w i t h  f a i l e d  p i l l a r s  ( F i g .  8 ,  
p o i n t  A )  w a s  u s e d  i n  a  f o r m a t i o n  t h a t  i s  n o t  k n o w n  t o  h a v e  
a  h i g h  o c c u i x e n c e  o f  g e o l o g i c a l  d i s c o n t i n u i t i e s ;  f a i l u r e  h e r e  
w a s  p r o b a b l y  a s s o c i a t e d  w i t h  t h e  s l e n d e r n e s s  o f  t h e  p i l l a r  
C to fh  =  0 . 5 ) .
S e v e r a l  c h a r a c t e r i s t i c s  d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  a  
g e o l o g i c a l  d i s c o n t i n u i t y :  ( 1 )  p e r s is t e n c e — - t h e  l e n g t h  o f  a  d i s ­
c o n t i n u i t y  m u s t  b e  o n  t h e  s a m e  s c a le  a s  t h e  p i l l a r  i t s e l f  i f  i t s  
s t r e n g t h  i s  t o  b e  s e r i o u s l y  i m p a i r e d ;  ( 2 )  d ip — 'th e  d i p  o f  a  
d i s c o n t i n u i t y  c a n  a f f e c t  p i l l a r  s t r e n g t h  d r a m a t i c a l l y  ( F i g .  9 ) ;
( 3 )  fi'eqmncy~~xh& s p a c i n g  b e t w e e n  d i s c o n t i n u i t i e s  i s  v e r y
F i g .  9  L e f t  p i l l a r  h a s  m u l t i p l e  s e ts  o f  d i s c o n t i n u i t i e s  t h a t  d i p  a t  
5 0 - 7 0 ° ;  r i g h t  p i l l a r  h a s  t w o  p r o m i n e n t  d i s c o n t i n u i t i e s  t h a t  d i p  a t  
a p p r o x im a t e l y  6 0 *
i m p o r t a n t  i n  d e t e r m i n a t i o n  o f  t h e  p o t e n t i a l  f o r  f a i l u r e  i n  a  
l a r g e  m i n i n g  a r e a ;  ( 4 )  m a t e r i a l  p r o p e r t i e s — t h e  p r o p e r t i e s  o f  a  
d i s c o n t i n u i t y  c a n  b e  u s e d  t o  a s s e s s  t h e  m a g n i t u d e  o f  s t r e n g t h  
r e d u c t i o n ;  a n d  ( 5 )  o r i e n t a t i o n - ^ t h e  o r i e n t a t i o n  o f  a  d i s c o n t i ­
n u i t y  i s  i m p o r t a n t  w h e n  t h e  p i l l a r s  a r e  r e c t a n g u l a r  i n  t h a t ’ 
s t r e n g t h  w i l l  b e  a f f e c t e d  m o s t  i f  t h e  d i s c o n t i n u i t y  i s  a l i g n e d  
w i t h  t h e  l o n g  a x i s  o f  t h e  p i l l a r .
C h a r a c t e r i s t i c s  o f  d i s c o n t i n u i t i e s
S e v e r a l  o f  t h e  f a c t o r s  o u t l i n e d  a b o v e  c a n  b e  c o n s i d e r e d  b y  u s e  
o f  t h e  a n a l y t i c a l  p r o c e d u r e  d i s c u s s e d  b y  F a r m e r : 16
a  =  2 C d + 2 q 3 t  a n t f> d
1 (l-~cot(itan<j5d)sin2f3
w h e r e  c r *  i s  v e r t i c a l  s t r e n g t h ,  c%  i s  c o n f i n e m e n t ,  C á  i s  c o h e ­
s i o n  a l o n g  t h e  d i s c o n t i n u i t y ,  i s  f r i c t i o n  a n g l e  a l o n g  t h e  
d i s c o n t i n u i t y  a n d  (3 i s  d i p  o f  t h e  d i s c o n t i n u i t y  m e a s u r e d  f r o m  
t h e  v e r t i c a l  a x i s .
A n g ie  o f  T h r o u g h — G o in g  F r a c t u r e s
F ig .  1 0  E f f e c t  o f  a n g u la r  g e o lo g ic a l  d i s c o n t i n u i t i e s  o n  v e r t i c a l  
s t r e n g t h  b y  u s e  o f  a n a l y t i c a l  t e c h n iq u e
F i g .  1 0  s h o w s  h o w  s a m p l e  s t r e n g t h  v a r i e s  w i t h  d i s c o n t i n u ­
i t y  d i p  a n g l e s  f o r  d i f f e r e n t  d i s c o n t i n u i t y  m a t e r i a l  p r o p e r t i e s .  
T h i s  a n a l y s i s  n o t  o n l y  d e m o n s t r a t e s  t h e  r e l a t i v e  m a g n i t u d e  o f  
s t r e n g t h  r e d u c t i o n  b a s e d  o n  d i s c o n t i n u i t y  d i p  a n g l e  b u t  i t  
a l s o  s h o w s  h o w  f r i c t i o n  a n g l e  a n d  c o h e s i o n  a l o n g  t h e  d i s c o n ­
t i n u i t y  i n d i v i d u a l l y  a f f e c t  u n i t  s t r e n g t h ,  H o w e v e r ,  t h e  v a l u e  o f  
t h i s  t e c h n i q u e  i n  t h e  a n a l y s i s  o f  s t o n e  p i l l a r  b e h a v i o u r  w i t h  
d i s c o n t i n u i t i e s  i s  l i m i t e d  b e c a u s e  i t  t r e a t s  t h e  m a t e r i a l  a s  o n e  
u n i f o r m  e l a s t i c  m a s s .
A n  a l t e r n a t i v e  a p p r o a c h  i s  t o  i n t r o d u c e  s i m u l a t e d  d i s c o n ­
t i n u i t i e s  i n t o  t h e  p r e v i o u s l y  d i s c u s s e d  f m i t e - d i f f e r e n c e  
e l a s t i c - p l a s t i c  p i l l a r  m o d e l  a n d  r o t a t e  t h e  i n t e r f a c e  t h r o u g h  a  
s e r i e s  o f  a n g l e s .  I n  t h i s  w a y  v a r i a t i o n s  i n  m a t e r i a l  p r o p e r t i e s *  
d i s c o n t i n u i t y  d i p s  a n d  p i l l a r  s h a p e s  c a n  b e  e v a l u a t e d .  T h i s  
w a s  a c c o m p l i s h e d  b y  u s e  o f  t h e  u b i q u i t o u s - j o i n t  m o d e l  i n  t h e  
F L A G  3 D  p r o g r a m .  T h e  u b i q u i t o u s - j o i n t  m o d e l  i s  a n  
a n i s o t r o p i c  p l a s t i c i t y  m o d e l  t h a t  i n c l u d e s  w e a k  p l a n e s  o f  s p e ­
c i f i c  o r i e n t a t i o n  e m b e d d e d  i n  a  M o h r - C o u l o m b  s o l i d .  I n  t h i s  
m o d e l  y i e l d i n g  m a y  o c c u r  e i t h e r  i n  t h e  i n t a c t  r o c k  o r  a l o n g  a  
j o i n t  ( d i s c o n t i n u i t y )  o r  b o t h ,  d e p e n d i n g  o n  t h e  s t r e s s  s t a te . ,  
t h e  o r i e n t a t i o n  o f  t h e  j o i n t  p l a n e  a n d  t h e  m a t e r i a l  p r o p e r t i e s  
o f  d i e  i n t a c t  r o c k  a n d  j o i n t  p l a n e .
Parametric analysis of the effect of discontinuities on pillar 
strength was conducted by varying the dip and material prop­
erties within the ubiquitous-joint model. In these simulations 
discontinuities were passed through modelled pillar shapes 
whose width-to-height ratios ranged from 0.6 to 1.2. Three 
distinct pillar behaviours were observed in relation to the dip 
of the discontinuities. Fig. 11 shows the strength profiles for
pillar exhibited very low strength. Finally, strain-softening 
material behaviour occurred as the discontinuity dips 
increased to 90°. Thus, both observation and numerical data 
suggest that when discontinuities are present at a particular 
angle and composition they can control the behaviour and 
strength of pillars.
S t r a i n
Fig. 11 Stress versus stra in fo r m odel p illa rs  (w id th -to -he igh t ra tio  
=  0.8) w ith  d iscon tinu ity  d ips ranging fro m  0 to  90°
pillars with a stiffness of 41.4 GPa and a Mohr-Coulomb 
failure envelope defined by a friction angle of 40° and a dis­
continuity friction angle of 25°. The lowest pillar strength 
occurred at a discontinuity dip angle of 57.5° (Fig. 11). It 
should be noted that the point of lowest strength is defined in 
the ubiquitous-joint model by the relationship
Angle of Through-Going Discontinuity
Fig. 12 Changes in  vertica l peak stress as d iscon tinu ity  d ips are 
varied fro m  0 to  90° fo r  fo u r d iffe ren t w id th -to -he igh t ra tio  m odel 
p illars
The implications of this analysis are revealed in Fig. 12. As 
demonstrated, the strength of pillars of various shapes and 
with different discontinuity dips is very sensitive to changes in 
extraction ratio and overburden. For example, a discontinuity 
dipping at 60°, under approximately 50 m of overburden, 
with a width-to-height ratio of 0.8 and passing through the 
entire 15 m high pillar, could cause failure if its properties 
were equivalent those of material with a friction angle of 25° 
and a cohesion of zero. If this same discontinuity dips at 45°, 
the pillar might not fail until almost 250 m of overburden is 
encountered. Fig. 13 is presented to illustrate the significant
where fJmin is the angle of a through-running discontinuity 
that produces the lowest average vertical peak stress and is 
the internal angle of friction of the discontinuity.
How well this model characteristic fits field conditions 
needs further evaluation. The highest pillar strength occurred 
with a discontinuity dip of 0° and gradually decreased as the 
dip angle increased. As the discontinuity dip angle increased 
above 57.5°, however, the pillar strength began to increase 
again, but the original strength for the intermediate to squat 
pillar shapes was not re-established as failure shifts to a differ­
ent mode.
For all model shapes and for a given set of material proper­
ties the pillar strength associated with a discontinuity ¿ip of 
90° was the same. In the case shown in Fig. 11 that value was 
approximately 29 MPa. This characteristic may, however, be 
model-driven and not representative of field conditions. The 
ubiquitous-joint model attempts to force discontinuities 
through columns of grid elements of equal size. Although this 
behaviour may be indicative of successive column failure 
through a pillar with numerous, equally spaced vertical joints, 
it may not be indicative of pillars affected by variably spaced 
joints.
Stress versus strain plots for these numerical simulations 
are shown in Fig. 11. For discontinuity dips between 0 and 
45° the material displayed elastic-plastic behaviour. When 
the model was run with a discontinuity dip of 60° the model
Width-to—Height Ratio
Fig . 13 Relationship between p illa r  shape, overburden, d iscontinu­
ity  d ip  and p il la r  stress
impact that pillar shape, overburden and discontinuities can 
have on stone pillar strength, but it is not meant to be a 
design guideline.
S u m m a r y  a n d  c o n c lu s io n s
The aim of the present report is to enhance mine-worker 
safety by increasing awareness of the potential for pillar fail­
ure—in particular, in operations that bench. As underground 
stone mining expands and the depth of overburden is 
increased consideration of the appropriate size and shape of 
pillars should be an integral part of overall mine design. Data 
gathered from mine visits, mine maps, discussions with oper­
ators and numerical simulations have been applied in an 
investigation of stone pillar design issues and general guide­
lines have been discussed.
The important pillar design issues and guidelines can be 
summarized as follows.
(1) Most stone pillars have relatively low width-to-height 
ratios, ranging from 0.54 to 3.13, and high extraction ratios, 
ranging from 0.56 to 0.91. This results in many pillars having 
slender shapes with relatively large adjacent mine openings.
(2) Excessive vertical stress levels are generally not a serious 
problem in stone mines because the pillar material is often 
very strong and the overburdens are typically very low (the 
average overburden is 80 m). A few cases are known, how­
ever, in which pillars have failed due to excessive local stress 
levels. These failures were associated with local, uninten­
tional pillar size reduction, overburdens greater than 200 m, 
width-to-height ratios less than 1.25 or extraction ratios 
greater than 0.83. As the depth of mining increases the poten­
tial for excessive stress levels that affect pillar stability 
adversely will also increase substantially.
(3) The strength of slender pillars is best understood by 
examining models that allow for shape variations and pro­
gressive failure through elastic-plastic or strain-softening 
behaviour. Models that meet these criteria have demon­
strated that stone pillar strength should not follow a straight 
linear relationship with pillar shape. Empirical strength for­
mulae for metal and non-metal mines yield power curves that 
produce higher pillar strengths at low width-to-height ratios 
(<1.0) and lower pillar strengths at moderate to high width- 
to-height ratios (>1.5).
(4) Bench mining produces slender pillars. Where geological 
discontinuities are present the potential for pillar failures 
increases. The persistence, dip, frequency and material pro­
perties of these discontinuities control pillar strength.
(5) A strong correlation was found between the material 
properties and dip of discontinuities and the modelled pillar 
strength. As discontinuity dips increased from 0 to 45° + §¿12 
pillar strength gradually decreased. When the dips were equal 
to 45° + (j)d/2 pillars exhibited a very unstable behaviour with 
the loss of considerable amounts of their original strength. As 
vertical orientations were approached columns defined by 
discontinuities could have controlled pillar behaviour.
The pillar design guidelines developed through the obser­
vational and numerical simulations discussed above require 
further field confirmation. The information has been pre­
sented so that mine planners, operators and workers can 
recognize the potential hazards that exist when designing 
stone pillars. This approach can help to form part of a com­
prehensive, proactive, ground-control plan to improve safety 
in underground stone mines.
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